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A model study on the promotor action of K in the synthesis of ammonia on iron catalysts was performed
by studying the inﬂuence of preadsorbed potassium on the rate of dissociative nitrogen chemisorption
(which is the rate-limiting step) on a Fe(100) single crystal surface. It was found that a concentration
of 1.5  1014 K atoms/cm2 increases this rate by a factor of about 300 at 430 K and removes also the acti-
vation energy for this process. This effect is attributed to the increased adsorption energy of molecular N2
(11.5 kcal/mole) which is related with the pronounced transfer of electronic charge from K to the Fe
surface.
 2013 Elsevier B.V. All rights reserved.The industrial synthesis of ammonia is performed with reduced
iron catalysts containing small amounts of Al2O3, SiO2, K2O etc. [1].
Whereas some of these oxides are stabilizing the high surface area
of the catalyst, K2O is considered as an ‘‘electronic’’ promotor
which is able to increase the speciﬁc activity of the Fe surface [2].
The mechanism of this process is still widely unclear. Ozaki et al.
[3] suggested that this effect is connected with an enhancement
of the net electronic density of the catalyst and demonstrated that
metallic potassium on the surface of an Fe catalyst increases the
activity even more than K2O. Since the rate-limiting step in this
reaction is the dissociative chemisorption of nitrogen [2,4] the
present work was concerned with a model study on the inﬂuence
of K on the adsorption of nitrogen at a well-deﬁned Fe(100) single
crystal surface. The system N2/Fe(100) was investigated in detail
previously [5]: Dissociative chemisorption takes place above 400
K with a very small sticking probability of the order of 107 and
an initial activation energy of about 3 kcal/mole, leading to the for-
mation of a tightly bound ordered overlayer with a c2  2-struc-
ture, corresponding to a coverage hN = 0.5. Molecularly adsorbed
N2 is rather weakly held at the surface with an adsorption energy
estimated to be below 10 kcal/mole and manifesting itself in
detectable surface concentrations at the applied pressures
([104 torr) only at the lowest attainable temperatures (160 K).
It will be shown in the present study that the presence of K in-
creases the adsorption energy of N2 and thus also the rate of forma-
tion of atomic nitrogen species on the Fe surface.
The experiments were performed within an ultra-high vacuum
system containing facilities for Auger electron spectroscopy (AES),
low energy diffraction (LEED), thermal desorption (TDS) and work
function (Du) measurements. Details on surface cleaning etc. are
described elsewhere [5]. Potassium was evaporated onto the sur-
face from a commercial K+-emitter [6] with rates of the order1012 ions/cm2 s. The surface concentration of this element was
monitored by AES. Quantitative analysis was achieved by measur-
ing the AES-signal of K at 250 eV [7] as well as the ion current strik-
ing the sample. The results of both methods agreed to within about
20%.
The maximum surface concentration of K which could be
reached at room temperature was about 5.5  1014 atoms/cm2.
No formation of an ordered overlayer structure was observed. At
higher K coverages the LEED pattern exhibited a general weaken-
ing of the substrate lattice spots and an increase of the background
intensity, indicating a random distribution of the adsorbed parti-
cles. The work function decreased strongly with increasing K con-
centration and reached a minimum of Du = 2.35 eV at about
4  1014 K atoms/cm2. The initial dipole moment of the adsorbate
complex is quite Iarge (4.4 debye) and indicates a high degree of
positive ionicity of the adsorbed potassium. Such a behavior is
quite generally found for alkali metals adsorbed on transition me-
tal surfaces [8].
The relative surface concentration of atomic nitrogen was
determined as previously by recording the ratio y of the Auger peak
heights of N at 350 eV over that of Fe at 650 eV [5]. Typical results
for yN as a function of the N2 exposure (1 L = 106 torr s) at 430 K
are reproduced in Fig. 1 for a K-free surface as well as for a sample
precovered with 1.5  1014 K atoms/cm2. It has to be pointed out
that the electron gun for AES was only switched on after the N2-
atmosphere had been pumped off. Otherwise the apparent rate
of dissociative nitrogen adsorption assisted by the electron beam
would be much higher. Since molecularly adsorbed N2 is com-
pletely desorbing under these conditions only the atomic N surface
species is recorded in this way. The inﬂuence of K is tremendous:
The rate of dissociative nitrogen chemisorption is increased with
the present example by more than two orders of magnitude! More
quantitative data are obtained by evaluating the initial sticking
probability s0 from the slope of the y versus exposure curves
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Fig. 1. Variation of the relative surface concentration of atomic nitrogen, yN, with
N2 exposure at 430 K, Curve a: Clean Fe(100) surface (lower scale). Curve b: Fe(100)
precovered with 1.5  1014 K atoms/cm2 (upper scale).
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Fig. 3. Schematic potential energy diagram for atomic and molecular adsorption of
nitrogen on a clean and a K-precovered Fe(100) surface. r denotes the ﬁctitious
reaction coordinate.
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the surface concentration of K at 430 K is reproduced in Fig. 2.
The value for a clean Fe(100)-surface is of the order 107 and coin-
cides therefore practically with the origin of this plot. s0 increases
at ﬁrst linearly with the K-concentration nK and reaches a ﬂat max-
imum at about 1.5  1014 K atoms/cm2, followed by a slight de-
crease. Measurements at different temperatures revealed no
longer the existence of an activation energy for dissociative nitro-
gen chemisorption, in contrast to the behavior of the clean surface
as mentioned above. Fig. 2 contains also the data for the work func-
tion change Du of the clean surface caused by the corresponding K
concentration. There is obviously no linear correlation between s0
andDu, except at low K concentrations where both quantities vary
proportional to nK, which indicates that the observed promotor ef-
fect is not simply related with the electron work function (which
results from averaging over the local microscopic electric ﬁelds
on the surface).
Up to a K concentration of 2.6  1014 cm2 which corresponds
to a coverage of about 30% of the total surface area (assuming a
reasonable diameter of the adsorbed K atom of 2 Å [8]) there
was no noticeable reduction of the maximum amount of adsorbed
N atoms. The LEED patterns revealed then the formation of the
c2  2-structure of the ordered N-overlayer which was only at
the highest K-concentrations somewhat diffuse. This result indi-
cates that the N atoms once formed are not attached to the K atoms
(which form only a random conﬁguration) but are ‘‘spilled over’’ to
the bare Fe sites where they occupy their normal adsorption sites.
If on the other hand exposure of a surface with low K concentration
to N2 was performed below room temperature the maximum
obtainable Nad-concentrations were much smaller and no ordered
structure was formed. This effect arises from the existence of an
activation barrier for diffusion of the N atoms on the surface which0
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Fig. 2. Variation of the initial sticking probability for dissociative nitrogen
adsorption (curve a, left scale) and of the work function of Fe(100) (curve b, right
scale) with the concentration of K atoms on the surface.cannot be overcome at low temperatures. This observation indi-
cates that in fact the primary steps of dissociative adsorption are
taking place in the vicinity of the K atoms which soon are blocked
if the formed N atoms are not able to diffuse away.
Since dissociation is preceded by adsorption of the N2 molecule
it was suspected that the effect of K manifests itself even more di-
rectly in this latter process. If a clean Fe(100) surface is exposed to
a N2 pressure of 104 torr at 160 K the work function varies rapidly
and reversibly by a very small amount of about 8 meV. At 185 K
this effect is no longer observed which is believed to arise from
molecularly adsorbed N2 whose existence was also conﬁrmed by
X-ray photoelectron spectroscopy (XPS) [9]. Unfortunately no tem-
peratures below 160 K could be reached with the present appara-
tus so that the heat of N2 adsorption can only be estimated to be
smaller than about 9 kcal/mole while the temperature at which
complete desorption takes place is certainly below 160 K.
If instead the Fe(100) surface is precovered with 1.5  1014 K
atoms/cm2 considerably larger amounts of N2 are adsorbed at
160 K giving rise to a work function increase of 0.18 eV which
can be completely desorbed at 205 K. This indicates an appreciable
increase of the adsorption energy. The isosteric heat of adsorption
was evaluated by measuring the reversible work function change
for a K concentration of 0.4  1014 atoms/cm2 at various pressures
and temperatures and by applying the Clausisus—Clapeyron equa-
tion [10]. The resulting value was 11.5 ± 1 kcal/mole, which is at
least larger by 3 kcal/mole, than the value for N2 adsorption on a
clean Fe(100) surface. Varying the K-coverage up to 1.5  1014
atoms/cm2 was without any inﬂuence on this number but affected
only the amount of adsorbed N2. This indicates that the K atoms
exhibit a local effect on the bond strength of those N2 molecules
which are attached to the surface in their vicinity. At high K con-
centrations the N2 adsorption energy decreased slightly which cor-
relates with the fact that then the mean adsorbate complex dipole
moment is smaller (due to depolarization effects) and indicates
that in fact the local dipole moment respectively the degree of
transfer of electronic charge from K to Fe is the decisive factor.
The mechanism responsible for the enhanced rate of dissocia-
tive nitrogen chemisorption may now be illustrated by means of
a Lennard-Jones type potential diagram as reproduced in Fig. 3:
The potential curve for M + N2 intersects that for M + 2N with a
clean iron surface at point A, giving rise to the observed activation
energy of 3 kcal/mole for the rate constant k of the step N2,g? 2-
Nad. By the presence of K the potential minimum for the molecular
adsorption of N2 will be lowered and as a consequence also the
activation barrier (point B) will be decreasing in a manner similar
to that underlying the Brønsted relation. The increased adsorption
energy for N2 will have a second effect on the rate of dissociative
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dt = k[N2,ad]: Not only k, but also the surface concentration of ad-
sorbed N2 will be increased if it is assumed that the equilibrium
N2,g  N2,ad is always established. In view of the very small prob-
ability for dissociative adsorption this assumption is well justiﬁed.
Since both effects are exponentially related with the adsorption
energy of N2 a simple estimate shows that a variation by a few
kcal/mole will cause a change of r by 2 or 3 orders of magnitude,
as is in fact observed.
Finally the question on the physical origin for the the enhance-
ment of the metal—N2 bond strength by the presence of potassium
shall be discussed. N2 is iso-electronic with CO and is therefore ex-
pected to exhibit a similar type of bond formation with the surface.
There is both experimental [9,11] as well as theoretical [12,13] evi-
dence for au upright conﬁguration M—NN in the adsorbed state.
Adsorption will take place by coupling the highest ﬁlled level of
N2(rg) to the metal and by ‘‘back-donation’’ of metallic d-electrons
into the empty pg⁄-orbital. The latter effect will become more
favourable if the energy spacing between the Fermi level (= highest
occupied d-states) and the vacuum level is decreased. This is ex-
actly the case in the local environment of an adsorbed K atom as
evident from the observed decrease of the work function. The en-
hanced electron density at the Fe surface near a K atom is on the
other band also predicted to increase the strength of the coupling
of the N2 rg-orbital. Both effects are operating into the same direc-
tion and explain why the adsorption energy of N2 is increased bythe presence of K and its degree of electronic charge transfer to
the metal.
According to this picture a similar effect is to be expected for
the adsorption of CO. In fact Brodén et al. [14] reported an increase
of the adsorption energy of CO on Fe(100) by about 4 kcal/mole
caused by the presence of a small amount of potassium.
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